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INTRODUCTION
A number of excellent reviews are available in

which the structure-function relationship and
the mechanism of action of an individual toxin,
or pair of toxins with similar properties, are the
central features. In the present article we have
attempted to review the current literature on a
number of bacterial toxins with emphasis on
their receptors and on their toxin-receptor inter-
actions. We have limited ourselves to those
toxins that are polypeptides and have the gener-
alized A-B structure (with the exception of
Escherichia coli heat-stable toxin which has
been included for comparative purposes). Some
of these toxins are synthesized as single poly-
peptide chains and are proteolytically processed
to the two-chain disulfide-linked A-B molecules
(i.e., diphtheria toxin, Pseudomonas exotoxin
A, tetanus toxin, and botulinum toxin). The
other toxins are composed of subunits or pro-
tomers that are synthesized separately and then
associate to form the A-B structure (i.e., cholera
toxin, E. coli heat-labile toxin, pertussis toxin,
and Shigella toxin). In addition, in the toxins
that have been well characterized, the A compo-
nent has an enzymatic activity that acts on a
target site that is intracellular, located either in
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the cytosol or at the inner (cytosolic) surface of
the plasma membrane. The enzymatic A compo-
nents of those toxins that act in the cytosol (i.e.,
diphtheria, Pseudomonas, and Shigella toxins)
do so by modifying a factor necessary for pro-
tein synthesis. The enzymatic components of
the toxins that act at the inner surface of the
plasma membrane do so by modifying plasma
membrane enzymes; cholera toxin, E. coli heat-
labile toxin, and pertussis toxin activate adenyl-
ate cyclase, and E. coli heat-stable toxin acti-
vates guanylate cyclase. No enzymatic activity
has yet been associated with the A fragments of
tetanus and botulinum toxins. The enzymatic
activities described are properties of the free A
chains and are demonstrable in cell-free prepara-
tions; however, these activities (in general) are
cryptic in the intact toxin and are only expressed
upon the appropriate activation of the toxin,
which results in the release, or exposure, of the
A chain or a fragment of it. This activation can
be performed in vitro (usually, but not exclu-
sively, by limited proteolysis and reduction),
and it is widely assumed that the toxins are
activated by similar mechanisms in vivo. In
contrast, the free A chains are not toxic to
animals or to cells, or they are several orders of
magnitude less toxic than the intact toxin mole-
cules. It has long been recognized that this
dichotomy is due to the requirement that the A
component be associated with a B component,
which is necessary for the toxin to bind to cell
surface receptors, thus initiating the intoxication
process.
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The lack of toxicity of the free A chains
suggested to early toxin investigators that toxins
do not enter cells via bulk-phase pinocytosis
(though the low level of toxicity observed with
free A chains is probably due to this nonspecific
process), but rather that they enter by receptor-
mediated pinocytosis (endocytosis). That the B
component is responsible for receptor binding
has been demonstrated with many, but not all, of
these bacterial toxins. It has been shown that the
free B components, or the nontoxic cross-react-
ing (CRM) proteins with enzymatically inactive
A components and normal B components, can
prevent the toxin-mediated process and can in-
hibit the binding of radioactively labeled toxin to
cells by competing with the toxin for specific cell
surface receptors.
These bacterial toxins, in all probability, uti-

lize receptors and entry mechanisms for more
biologically relevant macromolecules (e.g., hor-
mones and growth factors) in an "illicit" fash-
ion. If a particular receptor is a ubiquitous
molecule, then the toxin that utilizes such a
receptor may be able to affect (or at least bind
to) a variety of tissues and cells from many
species, including cells which the toxin is quite
unlikely to encounter in nature; such is the case
with cholera toxin, which binds to a membrane
glycolipid, the ganglioside GM,. With other tox-
ins the species specificity observed in the whole
animal is preserved in cells derived from that
animal; for instance, rats and mice are quite
resistant to diphtheria toxin and cells derived
from these species are also resistant. This spe-
cies specificity might be due to the lack of
functional diphtheria toxin receptors, though
binding components may be present but not be
coupled to the entry process, or the entry proc-
ess itself may be defective.

In the present review, the term functional or
physiological receptor is used to define the bind-
ing component on the cell surface that is in-
volved in the initial step which ultimately leads
to the productive expression of the toxicity of a
particular toxin. For a particular toxin-binding
component to be considered the physiological
receptor, it is necessary to demonstrate experi-
mentally its involvement in the toxin-mediated
process. One, or preferably both, of the follow-
ing criteria should be met: (i) mutants lacking the
particular toxin-binding component should be
resistant to the effects of the toxin, and reconsti-
tution of these mutants with the purified toxin-
binding molecule should result in responsive-
ness to the toxin; and (ii) antibodies to the
toxin-binding site of the particular toxin-binding
component should result in inhibition of the
toxin-mediated process.

In the next section we review the structure
and mechanism of action of each toxin and the

nature of the toxin-specific cell surface binding
components that have hitherto been described.
With many of the toxins these binding compo-
nents represent candidates for toxin receptors
since in most cases they have not been shown to
be functional receptors. In the third section of
the review we discuss the nature of the biochem-
ical groups involved in the toxin-receptor inter-
action that leads to the entry of some selected
toxins. In an upcoming review in this series,
Middlebrook and Dorland (manuscript in prepa-
ration) discuss the mechanisms by which these
toxins enter the cell to express their toxic action.

BACTERIAL TOXINS AND NATURE OF
THEIR RECEPTORS

Cholera Toxin
Cholera toxin (choleragen) is the exotoxin

produced by Vibrio cholerae that is responsible
for the clinical manifestations of cholera. The
toxin has a molecular weight of 84,000 and
consists of two protomers, A ("light" subunit;
molecular weight, 29,000) and B ("heavy" sub-
unit; molecular weight, 55,000), that are associ-
ated by noncovalent bonds (94). The A protomer
has been shown to be synthesized as a single
polypeptide chain in a protease-deficient strain
of V. cholerae (149); in non-protease-deficient
strains it is normally isolated in the "nicked"
form, though the unnicked form has been isolat-
ed by rapid purification of the toxin (47). The
nicked A protomer consists of two polypeptide
chains, Al (molecular weight, 23,000) and A2
(molecular weight, 6,000), linked by a disulfide
bond and by noncovalent interactions (149). The
B protomer consists of five identical noncova-
lently associated polypeptide chains (B chains)
(molecular weight, 11,600). Reduction of nicked
toxin in the presence of 4 M urea releases the Al
chain from the A2-5B complex, indicating that
the A protomer is attached to the B protomer via
the A2 chain (149). Higher concentrations of
urea at low pH or sodium dodecyl sulfate (SDS)
cause the dissociation of the unnicked toxin into
A and B protomers (149). Neither of the free
protomers is toxic to intact cells. The A pro-
tomer, specifically the A1 polypeptide which is
formed during activation of the toxin by mild
trypsinization and reduction (130, 149), has the
enzymatic activity of the toxin which ultimately
results in the activation of adenyl cyclase via
NAD-dependent ADP-ribosylation of the GTP-
binding component of the cyclase (94, 170, 228).
The B protomer has the toxin's receptor-binding
domain since it, as well as choleragenoid (the
naturally occurring cholera toxoid which is im-
munologically similar to B and is also composed
of B chains [58, 97]), inhibits the binding of 125[_
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labeled cholera toxin to liver membranes (30),
protects fat cells from the cytotoxic effect of the
toxin (30), and inhibits the secretory response to
cholera toxin in rabbit ileal loops (92, 182).
Although the natural targets for cholera toxin

are the cells of the intestine, the toxin has been
shown to activate adenylate cyclase in cells
derived from a large variety of tissues (57). This
observation suggested that the cholera toxin
receptor might be a rather ubiquitous compo-

nent of the plasma membrane of cells (28).
Indeed, van Heyningen et al. (224) suggested
that the receptor is a ganglioside since the effect
of cholera toxin on isolated fat cells and on the
intestinal loop of rabbits was blocked by incuba-
tion of the toxin with a crude preparation of
gangliosides. Furthermore, extraction of glyco-
lipids from cell membranes results in the loss of
toxin binding; the binding activity can be recov-

ered in the ganglioside fraction of the extracts
(28). By using purified gangliosides, it has been
demonstrated in a variety of systems that the
monosialoganglioside GM, (Table 1) is in fact the
component that most strongly interacts with
cholera toxin. GM1 (and to a much lesser degree,
GM2 and GD1a) inhibits the binding of 125I-labeled
cholera toxin to liver membranes and to fat cells
(28), inhibits the toxin-induced effects on fat
cells (29) and on mouse thymocytes (232), and
also inhibits the toxin-induced accumulation of
fluid in rabbit ligated ileal loops (92, 100, 182).

Cholera toxin and choleragenoid have been
shown to bind directly to GM, by a variety of
methods: (i) by double diffusion in gels in which
both cholera toxin and choleragenoid specifical-
ly reacted with GM1 (97, 100, 101); (ii) by precipi-
tation with a GMI-cerebroside complex (221);
(iii) by binding to GM,-coated tubes (93, 97, 98);
(iv) by binding to GM1 covalently linked to silica
beads (217); and (v) by binding to liposomes
containing GM1 (163, 167). The binding to GM1
occurs between the toxin and the oligosaccha-
ride component of the ganglioside (93, 102), and
each toxin, or its B protomer, binds between
five and six molecules of oligosaccharide, pre-
sumably one per B chain (62). In addition to the
experimental evidence on cholera toxin binding
to GM, in vitro, it has been demonstrated that
the toxin interacts with the GM, ganglioside
present on the surface of cells, since prebinding
of toxin to fibroblasts (165) and to BALB/c 3T3
cells (27) prevents the oxidation of the un-

blocked terminal galactose residue of GM, by
galactose oxidase. Furthermore, there is a good
correlation between the binding of, and sensitiv-
ity to, cholera toxin and the content of GM1 in a

variety of cell types (91, 99).
Thus, there is good evidence for the specific

binding of cholera toxin to GM, both in vitro and
in vivo; however, for GM1 to be considered the
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TABLE 1. Structure of gangliosides and related
compounds'

Ganglioside Structure

GAI.Cer-Glc-Gal-GalNAc-Gal
GM3. Cer-Glc-Gal

NANA
GM2.Cer-Glc-Gal-GalNAc

NANA
GM1..Cer-Glc-Gal-GaINAc-Gal

NANA
GDla.Cer-Glc-Gal-GalNAc-Gal

NANA NANA
GDlb.Cer-Glc-Gal-GalNAc-Gal

NANA-NANA
GTla.Cer-Glc-Gal-GalNAc-Gal

NANA NANA-NANA
GTIb. Cer-Glc-Gal-GalNAc-Gal

NANA-NANA NANA
GQlb. Cer-Glc-Gal-GaJNAc-Gal

NANA-NANA NANA-NANA

aCer, Ceramide; Glc, glucose; Gal, galactose;
GalNac, N-acetylgalactosamine; NANA, N-acetyl-
neuraminic acid (sialic acid).

functional receptor for cholera toxin, it must be
shown to be capable of mediating the response
to the toxin. Indeed, it has been demonstrated
that preincubation of a variety of toxin-sensitive
cells with GM,1 which gets inserted into the
plasma membrane, results in an enhanced ca-
pacity of these cells to bind 125I-labeled cholera
toxin and in an increased sensitivity to the toxin
(29, 99). Furthermore, a line of transformed
mouse fibroblasts (NCTC 2071) which cannot
synthesize GM, (63) does not respond to cholera
toxin when grown on a chemically defined medi-
um (63, 162). Integration of exogenously sup-
plied GM, into the plasma membrane of these
cells results in the reconstitution of a maximal
response to cholera toxin (162); other ganglio-
sides are much less effective than GM, in the
reconstitution of cholera toxin sensitivity (63).

This latter reconstitution experiment with
GM,-deficient cells demonstrates that GM, can
serve as a functional receptor for cholera toxin
and strongly supports the concept that GMI is
the toxin receptor. Nevertheless, the possibility
remains that other molecules exist that can bind
cholera toxin and could act as receptors. Indeed,
Critchley et al. (25) labeled mouse fibroblasts
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(BALB/c 3T3) and a mouse lymphoid cell line
(AT5), using the galactose oxidase and
[3H]NaBH4 technique, followed by cholera tox-
in binding and solubilization of the toxin-recep-
tor complexes with Nonidet P-40 and subse-
quent immunoprecipitation with antitoxin
antibodies. The immune precipitates contained
mostly labeled GM1 and minor amounts of a
labeled glycoprotein of 80,000 to 90,000 molecu-
lar weight. These authors suggested that this
glycoprotein might possess an oligosaccharide
structure similar to that of GM, which would
permit it to interact with cholera toxin (25).
Morita et al. (160), using rat small intestine
epithelial cells and the same galactose oxidase-
[3H]NaBH4 labeling method coupled with a tox-
in-antitoxin immunoprecipitation technique,
identified cholera toxin-binding glycoproteins
with molecular weights of 69,000, 90,000,
100,000, 114,000, and 132,000 (160); the same
binding glycoproteins were localized after elec-
trophoresis by incubation of SDS-polyacryl-
amide gels with 125I-labeled cholera toxin (160).
Subsequent reports by Critchley et al. (26, 27),
in which they analyzed cholera toxin-binding
components of rat intestinal brush-border mem-
branes (26) and of BALB/c 3T3 cells (27), con-
firmed their original observations that labeling
by the galactose oxidase-[3H]NaBH4 method,
followed by solubilization and immunoprecipita-
tion analysis, resulted mostly in the immunopre-
cipitation of GM, and of a small amount of
galactoproteins. However, they could not detect
cholera toxin-binding glycoproteins either in de-
tergent extracts of [35S]methionine-labeled
BALB/c 3T3 cell by immunoprecipitation (27) or
when brush-border membrane proteins (26) or
BALB/c 3T3 cell proteins (27) first were separat-
ed by SDS-polyacrylamide gel electrophoresis
and then the gel was overlaid with 125I-labeled
cholera toxin (though binding to GM, ganglioside
was readily observed). They suggested that it is
possible that these latter detection methods may
be less sensitive than the method in which the
cell surface is labeled with galactose oxidase, or
that the galactoproteins detected may them-
selves not bind toxin but may be associated with
GM, in mixed micelles formed during solubiliza-
tion and deteced by virtue of their association
with GM, (27). One of us has suggested (84) that
these galactose-containing glycoproteins that
bind cholera toxin may actually represent E. coli
heat-labile enterotoxin receptors (see next sec-
tion).
From the preceding experiments it is quite

evident that GM1 ganglioside is the major cholera
toxin-binding component of the cell surface and
that, although cholera toxin-binding glycopro-
teins may exist, they probably represent (quanti-
tatively) minor components.

E. coli Heat-Labile Toxin

The heat-labile enterotoxin (LT) produced by
certain strains of E. coli is one of the toxins that
has been associated with travelers diarrhea. This
toxin resembles cholera toxin in a number of
ways. E. coli LT has a molecular weight of
approximately 91,000 (20) and is composed of an
A protomer (molecular weight, 25,500 [32] to
29,000 [19, 20]) and a B protomer (approximate
molecular weight, 59,000) (19, 73). The A pro-
tomer is synthesized as a single polypeptide
chain (19) that upon limited treatment with tryp-
sin can be converted to the nicked form, which
consists of an enzymatically active Al polypep-
tide chain (molecular weight, 21,000) linked by a
disulfide bond to an A2-like chain (19, 32, 128).
The B protomer consists of five noncovalently
linked identical polypeptide chains (B chains;
73) (molecular weight, 11,800; 31) which remain
associated in SDS at room temperature (19, 32).
Treatment of cells with E. coli LT, like treat-

ment with cholera toxin, results in an increase of
intracellular cyclic AMP (53, 89, 129). In broken
pigeon erythrocyte preparations it has been
demonstrated that the Al chain of E. coli LT
catalyzes the NAD-dependent activation of
adenylate cyclase (32, 74). This activation is the
result of the ADP-ribosylation of the guanyl
nucleotide-dependent regulatory component of
the cyclase (75). The B protomer mediates the
binding to cells since it is capable of blocking the
fluid secretory action of the toxin on ligated
rabbit intestinal loops (96), and it effectively
competes for the binding of 125I-labeled toxin to
Y1 mouse adrenal cells (40).

Besides E. coli LT being similar to cholera
toxin in subunit structure and in its mechanism
of action, the A and B protomers share antigenic
determinants with the corresponding protomers
of cholera toxin (17, 18, 103, 191). The toxins
also possess a large degree of sequence homolo-
gy. For the B chains (31) and for the amino-
terminal region of the Al chains (208) there is an
80% homology, whereas for the A2 chain of
cholera toxin and the corresponding region in E.
coli LT (derived from the nucleotide sequence)
the homology is less (31 [48] to 55% [208]).
Furthermore, it has been reported that E. coli
LT binds in vitro to plastic tubes coated with
GM1 (Table 1) (92, 96, 212); this binding occurs
between the B protomer and the oligosaccharide
portion of GM, (166). Low concentrations of
GM1 block the toxin-induced effects of E. coli
LT on mouse thymocytes (232) and on Y1
adrenal tumor cells (39). In contrast, Pierce (182)
and Holmgren (92) reported that several orders
of magnitude more GM, were needed to inhibit
the E. coli LT-mediated effects on ligated rabbit
ileal loops than to inhibit the cholera toxin-
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mediated effect on this same target; however,
recently Holmgren et al. (96) reported that prein-
cubation of low concentrations (1 KM) of GMI
with cholera toxin or with purified E. coli LT
completely inhibited their activities in rabbit
intestine.

Incorporation of exogenously supplied GM1
into GMI-deficient rat glioma C6 cells results in a
dramatic increase (-30-fold) in the binding of
125-Ilabeled E. coli LT to these cells (166).
Addition of GMI to the cholera toxin- and E. coli
LT-unresponsive mouse fibroblast cell line
NCTC 2071, which cannot synthesize GM, (63),
followed by incubation with E. coli LT results in
a significant (-3-fold) increase in the cyclic
AMP content of these cells (164).
These experiments demonstrate that E. coli

LT binds to GMI and that the latter can function
as a receptor for LT, as it does for cholera toxin;
however, there are a number of experimental
observations which suggest that cholera toxin
and E. coli LT differ in their binding properties
and that GMI might not be the native or only
receptor for E. coli LT. First, E. coli LT strong-
ly adheres to galactose-containing supports
(agarose) (19, 128), a property which has been
exploited by Clements and Finkelstein (19) to
purify E. coli LT to apparent homogeneity by
affinity chromatography on agarose with subse-
quent elution with galactose. Under similar
chromatographic conditions cholera toxin does
not adhere to agarose columns, although it is
slightly retarded (19). Second, if GM, is the
receptor for E. coli LT, the B protomer of
cholera toxin (choleragenoid), which binds to
GM, and prevents cholera toxin action, should
be able to block the action of E. coli LT on cells.
There are conflicting reports on this matter. (i)
Nalin and McLaughlin (172) reported that pre-
treatment with choleragenoid blocked both chol-
era toxin- and E. coli LT-mediated fluid secre-
tion in ligated dog intestinal loops, and Donta et
al. (40) reported that the binding of 1251-labeled
cholera toxin and of 125I-labeled E. coli LT to Y1
adrenal cells was competitively inhibited by
both toxins and by the B protomers of both
toxins. (ii) In contrast, Pierce (182) and Holm-
gren (92) reported that preincubation of rabbit
ileal loops with choleragenoid prevented the
response to cholera toxin but did not prevent the
response to E. coli LT, and Holmgren et al. (96)
recently reported the reciprocal experiment, us-
ing the B protomer of E. coli LT, and demon-
strated that this B protomer could block the fluid
secretion induced by E. coli LT and that induced
by cholera toxin. Holmgren et al. (96) also
reported that all of the binding sites for cholera
toxin were extractable by chloroform-methanol-
water and were recovered in the monosialogan-
glioside fraction, whereas the binding sites for E.

coli LT remained in the delipidated tissue resi-
due. Since treating brush-border membranes
with periodate completely inactivated the bind-
ing sites for both cholera toxin and E. coli LT,
they suggested that the non-GM, E. coli LT-
binding components may be glycoproteins (96);
however, no further characterization of this non-
GM, material as a glycoprotein (e.g., lectin-
binding ability or molecular weight) was report-
ed (96). Furthermore, Holmgren et al. (96)
suggested that since the blocking of GMI by
cholera toxin B protomer did not give any de-
tectable inhibition of the E. coli LT effect, these
non-GM, E. coli LT receptors either predomi-
nate in number or are more effective than GMI as
receptors for E. coli LT (96). The galactose-
containing glycoproteins reported by Critchley
et al. (25-27) and Morita et al. (160) (see previ-
ous section on cholera toxin), which were de-
scribed as binding to cholera toxin but repre-
senting only minor cholera toxin-binding
components, may conceivably be the non-Gm,
E. coli LT receptors (84).

If indeed these non-GM, E. coli LT binding
sites (galactoproteins?) are the toxin receptors,
then it would be necessary to explain why the
GMI-deficient cells, NCTC 2071 mouse fibro-
blasts (164) and rat glioma C6 cells (166), were
found to be insensitive to E. coli LT action (164,
166). It is possible that these GMI-deficient cells
may also be deficient in these putative galacto-
proteins by virtue of the fact that the cells may
have a pleiotropic mutation or may have more
than one mutation; indeed, the NCTC 2071 cells
are missing at least two glycosyl transferases,
one of which is a galactosyl transferase (63) that
could be involved in the synthesis of both GM,
and galactoproteins. In this case, the reconstitu-
tion of sensitivity to E. coli LT (and to cholera
toxin) by the addition of exogenous GM, (164,
166) would strongly suggest that GM, can func-
tion as an alternate E. coli LT receptor. Another
equally plausible explanation for the insensitiv-
ity of the GMI-deficient cells to E. coli LT would
be that the non-GM, E. coli LT-binding compo-
nents are present but their binding efficiency is
strongly dependent on the presence of GM1. In
this case, addition of exogenous GM1 would
reconstitute the E. coli LT-binding receptor sys-
tem, but the GM, would not function as the toxin
receptor per se.

E. coli Heat-Stable Toxins
Heat-stable enterotoxins (STs) produced by

some enterotoxigenic strains of E. coli have
been shown to be associated with certain cases
of travelers and childhood diarrhea (78). The E.
coli STs bear no antigenic cross-reactivity with
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E. coli LT or with cholera toxin (66, 72). ST-
producing E. coli strains have been isolated from
a variety of hosts, principally porcine and hu-
man (2, 210). Each strain may produce more
than one type of ST which differ in their metha-
nol solubility and animal species specificity (10,
11, 78). The methanol-soluble E. coli STs (STA)
are active in infant mice and in neonatal piglets
but not in weaned pigs, whereas the methanol-
insoluble E. coli STs (STB) are active in weaned
pigs but inactive in infant mice (10). Further-
more, E. coli STA and STB are immunologically
(66, 72) and genetically (207) distinct. The E. coli
STAs have been the most extensively investigat-
ed; besides being methanol soluble and heat
stable (100°C, 15 to 30 min) (2, 132), they are
small proteins with molecular weights of approx-
imately 2,000 (1, 131, 210) that are stable to acid
treatment (2, 132, 143) and to treatment with a
number of proteases, nucleases, lipases, phos-
pholipase C, and amylase (2, 132). The STAs
from E. coli of porcine and human origin are
immunologically cross-reactive (66, 72). They
are acidic proteins which lack basic amino acids
and are composed of 18 to 19 amino acid resi-
dues, 6 of which are half-cystines (1, 2, 13, 131,
210). The four amino acid residues at the amino-
terminal end can be removed without loss of
biological activity (13). The complete amino acid
sequence of two human (1, 13) and one porcine
(131) STA has been determined. There is a large
degree of amino acid sequence homology among
the human STAs and between them and the
porcine STA (1, 13, 131); the minor amino acid
differences, which mostly occur at the amino-
terminal end of the toxin, represent only con-
servative amino acid changes. Thus, the differ-
ences in host susceptibilities between different
STA-producing strains may be due to these
minor differences in the STA primary structure
or, more likely, to virulence factors other than
STA (e.g., colonization and adherence factors).
Treatment of intestinal tissues with E. coli

STA results in increased fluid secretion which is
preceded by an increase in cyclic GMP levels
(56, 71, 79, 104, 176). This increase in cyclic
GMP is believed to be due to the activation of
guanylate cyclase since E. coli STA treatment of
a crude membrane fraction from rabbit intestinal
epithelial cells (56), and of homogenates of rat
and rabbit intestinal mucosa (79), resulted in
significant stimulation of this cyclase activity. In
contrast to the effects of E. coli LT and cholera
toxin on many tissues, the effect of E. coli STA
appears to be quite tissue specific since the latter
did not alter the activity of guanylate cyclase of
rat liver, lung, heart, kidney, and cerebral cortex
(79). In further contrast, although the mecha-
nism by which E. coli LT and cholera toxin
activates adenylate cyclase is well known, the

mechanism whereby E. coli STA stimulates
guanylate cyclase is not known.

Several lines of evidence suggest that the
receptor for E. coli STA is distinct from the
receptor for cholera toxin and E. coli LT: (i)
neither choleragenoid (182) nor GM1 ganglioside
(Table 1) (79, 182) has an effect on E. coli ST-
induced intestinal fluid secretion, and (ii) neither
E. coli LT nor mixed gangliosides alter the
binding of 125I-labeled E. coli STA to rat intesti-
nal epithelial cells and to brush-border mem-
branes (68).

Frantz and Robertson (67, 68) have recently
demonstrated the specific binding of '25I-labeled
E. coli STA (porcine) to rat intestinal epithelial
cells and to brush-border membranes. This bind-
ing was found to be saturable, time and tempera-
ture dependent, and mediated by a single class
of high-affinity receptors (67, 68). Dissociation
of the 125I-labeled E. coli STA, however, was
found to be neligible and not increased by a large
excess of unlabeled toxin (67), an observation
that is apparently inconsistent with the known
reversibility of the toxin-induced effect on secre-
tion obtained upon rinsing of ligated loops (78).
E. coli STAS purified from porcine-, human-, and
bovine-derived strains inhibit the binding of 1251_
labeled porcine E. coli STA in a competitive
manner, suggesting that they all can bind to the
same rat intestinal receptor (67, 68). This latter
result is not surprising in light of the almost
identical amino acid sequence exhibited by these
STAs (1, 13, 131). The binding component on
brush-border membranes appears to be a protein
since treatment with pronase resulted in de-
creased binding of 125I-labeled E. coli STA,
whereas no decrease in binding was observed
when the membranes were treated with phos-
pholipase A2 or C, neuraminidase, or endoglyco-
sidase P (68).

Robertson's group has solubilized the E. coli
STA-binding component from rat intestinal
brush-border membranes with the detergent
CHAPS and has found it to be a protein with an
apparent molecular weight of 100,000 (44). The
E. coli STA could not be dissociated from its
binding protein by 0.1 M glycine (pH 3.5), by 4
M sodium thiocyanate, or by 4 M guanidine
hydrochloride, but was dissociated by 0.5 M
dithiothreitol, by 0.5 M acetic acid, or by boiling
in 0.1% SDS (44). This later result, coupled with
the negligible dissociation of '25I-labeled E. coli
STA from intestinal cells and brush-border mem-
branes and with the lack of binding of carboxy-
methylated E. coli STA to the solubilized binding
protein (44), suggests that the E. coli STA may
be linked to this 100,000-molecular-weight bind-
ing protein via a disulfide bridge. It is not clear
whether such a disulfide bond formation be-
tween the E. coli STA and this receptor candi-
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date is a fortuitous reaction, or whether it is
indeed the first step in a possible "cascade" of
disulfide-exchange reactions that would ulti-
mately result in the toxin-mediated activation of
guanylate cyclase and the subsequent increased
fluid secretion. This specific E. coli STA binding
protein appears to be present only on the surface
of intestinal cells and not on liver, spleen, lung,
and kidney cells (44; D. C. Robertson, personal
communication), an observation that correlates
well with the unique tissue specificity of the
toxin-mediated activation of guanylate cyclase
(79).

Pertussis Toxin
Pertussis toxin (pertussigen) is a protein, pro-

duced by Bordetella pertussis, which is believed
to be of major importance in the pathogenesis of
whooping cough (230). It has recently become
evident that a variety of activities described for
protein factors produced by B. pertussis are all
due to this same protein, the pertussis toxin;
these activities are: histamine-sensitizing factor,
lymphocytosis- or leukocytosis-promoting fac-
tor, and islet-activating protein (183, 230).
The structure of this toxin has recently been

elegantly elucidated by Tamura et al. (215). The
toxin, originally characterized and purified as
islet-activating protein, is a hexameric protein
(molecular weight, 117,000) and consists of an A
protomer (S-1 subunit, molecular weight,
28,000) and a rather unusual B oligomer (215).
This B oligomer is a pentamer composed of four
dissimilar subunits held by noncovalent interac-
tions: S-2 (molecular weight, 23,000), S-3 (mo-
lecular weight, 22,000), S-4 (molecular weight,
11,700), and S-5 (molecular weight, 9,300). The
pentamer is formed by connecting two dimers
(S-2/S-4 and S-3/S-4) by the smallest subunit (S-
5; A2-like subunit, by analogy with cholera tox-
in). This pentamer associates with the S-1 sub-
unit (A1-like subunit, by analogy with cholera
toxin) to form the active toxin (215).

It has been demonstrated that pertussis toxin
exerts its effects on the adenylate cyclase sys-
tem in vivo (113); treatment of rats with the
toxin results in enhanced insulin secretion and
cyclic AMP accumulation in pancreatic islets
(113). In vitro the toxin has been shown to (i)
reverse the a-adrenergic inhibition of insulin
release from rat pancreatic islet cells in culture
(114); (ii) potentiate the P-adrenergic stimulation
in isolated rat heart cells (86) and C6 glioma cells
(112), resulting in increased cyclic AMP levels;
and (iii) enhance the GTP-dependent activation
of adenylate cyclase in membrane preparations
of C6 glioma cells (115). It appears that the toxin
exerts its effect on adenylate cyclase by the
NAD-dependent ADP-ribosylation of a 41,000-
molecular-weight membrane protein which is
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believed to be a regulatory (inhibitory) subunit
of the cyclase (115). In contrast, cholera toxin
ADP-ribosylates the 45,000-molecular-weight
GTP-binding regulatory (stimulatory) subunit
(G/F) of the cyclase and does not modify this
41,000-molecular-weight GTP-binding subunit
(6, 115).
The free A protomer of pertussis toxin has the

enzymatic activity since it is capable of ADP-
ribosylating the 41,000-molecular-weight mem-
brane protein in broken-cell preparations of C6
glioma cells, although the free A protomer has
no biological activity in vivo (215). Unlike other
bacterial toxins, the intact toxin was found to be
active in a broken-cell preparation; it ADP-
ribosylated the 41,000-molecular-weight protein
(215). It is possible, however, that under the
conditions investigated a free A protomer was
liberated (215).
The B oligomer is assumed to be the compo-

nent involved in binding to cell surface receptors
(107, 215). It remains to be demonstrated that
addition of the B oligomer to cells prevents the
biological effect of the toxin. There is no infor-
mation on the nature of the cell surface receptor
for pertussis toxin; it has been suggested that it
may be a sialic acid-containing molecule since
the toxin and the purified B protomer bind to the
sialoprotein haptoglobin (107, 215). However, if
indeed pertussis toxin binds to sialic acid resi-
dues, it is possible that the toxin receptor may
be a ganglioside.

Tetanus Toxin
Tetanus toxin is a potent neurotoxin produced

by Clostridium tetani. The toxin, as synthesized
by the organism (intracellular toxin), consists of
a single polypeptide chain with a molecular
weight of approximately 160,000 which can be
nicked by an endogenous clostridial protease
upon its release into the culture medium or in
vitro by mild trypsinization (144-146). The
nicked toxin consists of two protein compo-
nents, one component with an approximate mo-
lecular weight of 55,000 (light or a-chain), and
one component with an approximate molecular
weight of 105,000 (heavy or 3-chain), held to-
gether by at least one disulfide bond and by
noncovalent bonds dissociable by SDS or urea
(144-146). Neither component alone is toxic
(144-146). The light chain constitutes the origi-
nal amino-terminal region of the intact toxin
(173). As with a number of other toxins, it is the
heavy chain that possesses the toxin's determi-
nants involved in receptor binding (88, 222).
Treatment of the nicked toxin with papain
(which cleaves approximately in the middle of
the heavy chain) results in two fragments, frag-
ment B (molecular weight, 95,000) and fragment
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C (molecular weight, 47,000). The B fragment is
composed of one-half of the heavy chain (,B-2)
and the entire light chain held by a disulfide
bond, and the C fragment consists of the remain-
ing (carboxy-terminal) portion of the heavy
chain (P-1) (83, 87, 174). The C fragment con-

tains the receptor-binding domain of the heavy
chain since it inhibits the binding of 125I-labeled
tetanus toxin to neural and thyroid membranes
(76, 161). Tetanus toxin has been demonstrated
to bind to gangliosides, specifically to sialidase-
sensitive disialosyl (GDlb) and trisialosyl (GTIb)
gangliosides containing two sialic acid residues
attached to the inner galactose (i.e., lactose)
moiety (Table 1) (223). Tetanus toxin has been
shown to bind to GD1b and GT1b by a variety of
techniques: (i) adsorption of toxin by an insolu-
bilized ganglioside-cerebroside complex (223);
(ii) direct binding of 125I-labeled tetanus toxin to
ganglioside (GD1b)-containing liposomes (134);
and (iii) direct binding of 125I-labeled tetanus
toxin to specific gangliosides adsorbed to poly-
styrene, with GTlb, GQ1b (a tetrasialosyl ganglio-
side), and GDlb possessing the greatest affinity
(95). Furthermore, the binding of 125I-labeled
toxin to bovine thyroid (133) and to bovine brain
(192) plasma membranes is specifically inhibited
by GD1b and GTlb. All of these observations
suggest that the tetanus toxin receptor may be a

ganglioside (GD1b or GTIb) or, at least, a ganglio-
side-like molecule.

Binding of 125I-labeled tetanus toxin to bovine
thyroid plasma membranes is blocked by unla-
beled toxin and by thyrotropin (TSH) and, con-
versely, the binding of 1251-labeled TSH is inhib-
ited by unlabeled TSH and by tetanus toxin
(133). Based on this observation and on the fact
that the binding of both 125I-labeled tetanus
toxin and 125I-labeled TSH to thyroid plasma
membranes is strongly inhibited by GDlb and
GT1b (133), it has been suggested that the tetanus
toxin receptor on neural tissue resembles the
TSH receptor on thyroid tissue (133). Further-
more, membranes from a rat thyroid tumor with
a TSH receptor defect are deficient in binding of
both TSH and tetanus toxin (82). On the other
hand, a TSH receptor from bovine thyroid plas-
ma membranes has been solubilized and shown
to be a glycoprotein (216) to which 125I-labeled
tetanus toxin can bind (134).
The strictly reciprocal inhibition (described

above) of tetanus toxin and TSH binding is a

property of bovine (133) and rat (135) thyroid
plasma membranes that is not completely shared
with rat brain plasma membranes (135). In the
latter case, 125I-labeled TSH binding is inhibited
by both unlabeled TSH and tetanus toxin; how-
ever, 125I-labeled tetanus toxin binding is inhibit-
ed by unlabeled toxin but, surprisingly, is en-

hanced by TSH (135). The experiments on the

relationship between the TSH receptor and the
tetanus toxin receptor merit re-examination in
light of the report (4a) that under physiological
conditions gangliosides do not serve as TSH
receptors. Nevertheless, the experimental evi-
dence so far reported suggests that the tetanus
toxin receptor may be either a ganglioside (GD1b
or GTlb) or a glycoprotein with ganglioside-like
polysaccharide structures.

Botulinum Toxin
Botulinum toxin is a potent neurotoxin pro-

duced by Clostridium botulinum. There are eight
types of botulinum toxins (A, B, CQ, Cp, D, E,
F, G) which are immunologically distinct but
produce the same pharmacological effect: they
block the release of acetylcholine from choliner-
gic nerve endings (200-204). Most strains of C.
botulinum synthesize only one type of toxin
(200, 204). All toxin types have a similar molecu-
lar weight of approximately 150,000 and are
synthesized as a single polypeptide chain (un-
nicked) that is nicked by endogenous proteases
in the proteolytic strains (e.g., types A and B)
and can be nicked by exogenously added prote-
ases in the non-proteolytic strains (e.g., type E)
(200, 201, 204). Proteolytic cleavage of unnicked
botulinum toxin results in activation of the toxin
(i.e., increased cytotoxicity) and the formation
of a two-chain molecule composed of a heavy
chain (approximate molecular weight, 100,000)
and a light chain (approximately molecular
weight, 50,000) held by at least one disulfide
bond (204, 213). Reduction of the two-chain
molecule results in the formation of free chains
which are individually nontoxic (200). By analo-
gy with other bacterial toxins, it has been sug-
gested that one of the chains is involved in
binding to cell surface receptors and that the
other chain is involved in producing the lytic
effect of the toxin (202); it has not yet been
demonstrated whether the receptor-binding do-
main is located in the heavy chain, as is the case
with other bacterial toxins, or in the light chain.
There is no known enzymatic activity associated
with either one of the two chains or for that
matter with the whole toxin itself (203). Treat-
ment of botulinum toxin with trypsin or chymo-
trypsin resulted in the formation of two frag-
ments, one of approximately 100,000 molecular
weight and one of approximately 50,000 molecu-
lar weight. The smaller fragment corresponds to
one-half of the heavy chain (H1), whereas the
larger fragment contains the remainder of the
heavy chain (H2) disulfide-linked to the light
chain (33, 204). The receptor-binding capacity
and the pharmacological activity of these frag-
ments have not been tested. Treatment of botuli-
num toxin with Formalin (toxoid formation)
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results in destruction of its receptor-binding
activity (202, 203).

Gangliosides have been shown to interact with
botulinum toxin. Preincubation of the toxin with
gangliosides greatly decreased its in vivo toxici-
ty (i.e., increased survival times for mice) as

well as its toxicity in an in vitro system which
utilizes rat phrenic nerve-diaphragm prepara-

tions (i.e., lengthened paralysis time) (205, 206).
The trisialoganglioside GT1 was the most potent
inactivator (205, 206) followed by the disialo-
gangliosides (GDla and GDlb) (Table 1) (206).
Treatment of the GTI ganglioside with neuramin-
idase resulted in the loss of the ability of the
ganglioside to inhibit botulinum toxin-mediated
toxicity (206). A recent quantitative study utiliz-
ing purified gangliosides has demonstrated that
GTIb is the ganglioside most capable of detoxify-
ing botulinum toxin (123); GTJb was followed in
effectiveness by GQIb (a tetrasialoganglioside of
the lb series) and by GDlb (123). '25I-labeled
botulinum toxin has been shown to bind to
synaptosomes from monkey brain (123) and rat
brain (80), but pretreatment of the synaptosomes
with neuraminidase resulted in the loss of their
ability to bind botulinum toxin (81). GTlb was

the only ganglioside that effectively inhibited the
binding of 125I-labeled botulinum toxin to synap-

tosomes (123); furthermore, this inhibition of
binding was due to the direct interaction of GTIb
with the 125I-labeled toxin (123).
These binding experiments, together with the

results of the detoxification experiments, show
that: (i) two sialic acid residues bound to the
inner galactose of the gangliosides (as found in
GTlb, GQlb, and GDlb) are essential for binding
of botulinum toxin (123); and (ii) an additional
sialic acid at the nonreducing end of the ganglio-
side also aids in the binding of the toxin (e.g.,
GTIb being more effective than GDIb) (123).
Thus, GT-b, or a minor (as yet unidentified)
ganglioside, or a glycoprotein with a similar
distribution of sialic acid residues should be
considered as possible botulinum toxin receptor
candidates.

Diphtheria Toxin

Diphtheria toxin is the exotoxin responsible
for clinical diphtheria. It is produced by those
Corynebacterium diphtheriae organisms which
are lysogenic for corynephage 1B that carry the
tox gene (21, 24, 180). The toxin is secreted as a

single polypeptide chain (molecular weight,
62,000) with two disulfide bridges and no free
sulfhydryl groups. Upon limited proteolysis with
trypsin (nicking), diphtheria toxin is cleaved into
an amino-terminal A fragment (molecular
weight, 22,000) and a carboxy-terminal B frag-
ment (molecular weight, 40,000) which remain

associated by a disulfide bond and by noncova-
lent interactions (nicked toxin). Both nicked and
unnicked toxin are cytotoxic (21, 180). Recent
studies (155, 196) have shown that the nicked
toxin is more cytotoxic. It is not yet clear
whether the lower cytotoxicity of the unnicked
toxin is due to a decreased ability to bind to the
toxin receptor or to a slow rate-limiting nicking
system of the cell; however, it is clear from the
experiments of Sandvig and Olsnes (196) that the
nicking of the toxin must occur before the toxin
penetrates the cell membrane.

Diphtheria toxin acts by inhibiting protein
synthesis (21, 180). This is due to the ADP-
ribosylation of elongation factor 2 (EF-2), cata-
lyzed by the A fragment after it reaches the
cytosol of the cell, which results in an altered
EF-2 that is inactive in protein synthesis (21,
180). There is a single site on EF-2 that gets
ADP-ribosylated; this is an unusual amino acid,
2-[3-carboxyamido-3-(trimethylammonio)pro-
pyl]histidine, which has been named diphth-
amide (225). Diphthamide is the result of a
posttranslational modification of a histidine resi-
due (156, 225). The isolated A and B fragments
are not cytotoxic to intact cells. In cell-free
systems, in contrast to intact cells, the toxin is
inactive, whereas the isolated A fragment cata-
lyzes the inhibition of protein synthesis; this
inhibition has a strict requirement for NAD as a
cofactor for the ADP-ribosylation of EF-2 (21,
180). The B fragment carries the receptor-bind-
ing domain of the toxin since the isolated B
fragment protects cells against the cytotoxic
effect of the toxin (153, 231) and prevents the
binding of 125I-labeled toxin to cells (153). Fur-
thermore, not only the isolated B fragment is
protective, but also a functional B fragment
linked to an inactive A fragment, as in CRM 197
protein (a -62,000-molecular-weight, nontoxic,
immunologically cross-reactive form of the toxin
[219]), protects cells (54, 108) and prevents
binding of 125I-labeled diphtheria toxin to cells
(153), presumably by binding to the same toxin
receptor. It has been concluded that the recep-
tor-binding domain of the toxin is located within
the 17,000-molecular-weight carboxy-terminal
portion of the B fragment. This conclusion is
based on the observation that the nontoxic CRM
45 protein (45,000 molecular weight), which has
an enzymatically active A fragment and a B
fragment that lacks this 17,000-molecular-weight
carboxy-terminal portion, fails to block the cyto-
toxic action of intact toxin on cells (219, 220).
Furthermore, monoclonal antibodies to this
17,000-molecular-weight carboxy-terminal re-
gion block the cytotoxic action of intact toxin by
preventing its binding to cells (85).

Recently, Collier and co-workers (4, 142) have
discovered that a large population of the diph-
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theria toxin molecules bear a tightly but nonco-
valently bound endogenous nucleotide, adeny-
lyl-(3',5')-uridine 3'-monophosphate (ApUp).
Thus far the presence of a small molecule bound
to a bacterial toxin appears to be unique to
diphtheria toxin. The toxin is secreted from
Coiynebacteriurm diphtheriae predominantly in
the form bearing the nucleotide (4). The role of
the endogenous nucleotide in toxin synthesis
and secretion remains unclear at this time. We
have demonstrated that this form of the toxin,
the nucleotide-bound form (DTNb) (188), is
much less cytotoxic than the nucleotide-free
form (DTNf) of the toxin when the binding step
in the cytotoxicity assay is performed at 4°C,
suggesting that DTNb binds less effectively to
the toxin receptor on cells (185). However, since
the two forms of the toxin are equally cytotoxic
at 37°C, it appears that the nucleotide can readi-
ly dissociate or be degraded at this temperature
or both, permitting the binding of the toxin to the
cell surface receptor (185). Recently, Collins and
Collier (personal communication) measured the
rate of dissociation of ApUp and found it to have
a t1/2 of 1.6 s at 37°C and 64 min at 5.5°C. DTNb
also binds less effectively than DTNf to a solubi-
lized diphtheria toxin-binding cell surface glyco-
protein (described below) (185). Thus, it appears
that the nucleotide-binding site, or part of it,
may correspond to (185, 188), or may modify
(140), the receptor-binding site on the toxin.

Diphtheria toxin is highly lethal to most ani-
mal species; however, rats and mice are quite
resistant (21, 180). Primary cell cultures and
established cell lines derived from toxin-sensi-
tive animals are sensitive to the cytotoxic action
of the toxin, whereas cells derived from toxin-
resistant animals are quite resistant (70, 150).
This difference in sensitivity is not due to a
difference in EF-2 susceptibility to ADP-ribosyl-
ation by the toxin (21, 180) but rather to the lack
of specific receptors, or to differences in the
internalization process, or both. The experimen-
tal evidence on this matter is not conclusive.
Middlebrook and co-workers (153) reported that
the most toxin-sensitive cell lines tested (mon-
key derived) demonstrated the highest specific
binding of '25I-labeled toxin (roughly propor-
tional to their sensitivities), whereas cells of
intermediate sensitivity (human HeLa and
W138) or resistant cells (mouse L cells) did not
demonstrate specific binding. Didsbury et al.
(36), on the other hand, have recently reported
specific binding of 125I-labeled diphtheria toxin
to mouse L cells. Chang and Neville (14) report-
ed the specific binding of 125I-labeled toxin to
membranes from rat liver and rat mammary
glands. Keen et al. (116) reported that rhoda-
mine-labeled diphtheria toxin bound to both
toxin-sensitive W138 human cells and toxin-

resistant Swiss mouse 3T3 cells. We have re-
ported (187) that we were unable to detect
specific binding of toxin to solubilized mem-
brane components of mouse L cells; however,
we have since been able to demonstrate a num-
ber of toxin-binding glycoproteins from toxin-
resistant rat NRK9 cells and from rat and mouse
thymocytes (C. P. Robles and L. Eidels, unpub-
lished data).
As a means of understanding toxin-receptor

interactions, a number of compounds have been
tested for their ability to protect cells against the
cytotoxic action of diphtheria toxin. Such poly-
anionic molecules as nucleotides and polyphos-
phates were shown by Middlebrook and co-
workers (152, 153) to inhibit toxin-mediated
cytotoxicity; they demonstrated that this protec-
tion was due to the inhibition of toxin binding to
cells. These polyanionic molecules exert their
protective effect by binding directly to the toxin
rather than to the receptor (140, 142, 186, 188).
A number of polyamines, polyornithine (109,
151), ruthenium red (151), and polylysine (49),
also protect cells. We have shown that polyly-
sine exerts its effect by interfering with the
toxin-receptor interaction, and we have suggest-
ed that the polylysine binds to the receptor,
although this has not yet been directly demon-
strated (49). In contrast, mono and diamines
(e.g., ammonium chloride and chloroquine) pro-
tect cells (109, 122, 137, 151) not by inhibiting
toxin binding but rather by inhibiting a subse-
quent step in the intoxication process (43, 122,
137). Concanavalin A and wheat germ agglutinin
(WGA) have been shown to block diphtheria
toxicity (42); this effect is also not due to inhibi-
tion of toxin binding, as originally suggested
(42), but rather to interference with toxin inter-
nalization (154). Neither gangliosides nor galac-
tosides (180) and other monosaccharides (42)
have any effect on diphtheria intoxication.
Moehring and Crispell (157) have reported that
treatment of KB cells with trypsin, pronase, or
phospholipase C renders them less sensitive to
diphtheria toxin. Treatment of Chinese hamster
ovary (CHO) cells with bromelain also results in
decreased sensitivity (K. Hranitzky and L. Ei-
dels, unpublished data). Treatment of sensitive
cells with neuraminidase, from a variety of
sources, resulted in a small increase in sensitiv-
ity to the cytotoxic action of the toxin (147, 197).
The results with proteases suggest that the toxin
receptor may have a protein component, where-
as the results with neuraminidases suggest that a
carbohydrate component which becomes ex-
posed on neuraminidase treatment may be in-
volved in toxin binding. However, these effects
might be on components, other than the recep-
tor, which are also involved in the cytotoxic
process (i.e., entry). Correlative studies using
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direct binding of 125I-labeled toxin should help
resolve this issue.

Several approaches have been used to attempt
to characterize the nature of the toxin receptor.
Chin and Simon (15) have extracted and partially
purified a protein from rabbit liver plasma mem-
branes by a method know to extract peripheral
membrane proteins. This protein protected Vero
(monkey kidney) cells from diphtheria toxicity
and also prevented the binding of 125I-labeled
toxin to these cells. The protein was specific for
diphtheria toxin since it did not protect Vero
cells from the toxic effects of either abrin or
Pseudomonas aeruginosa exotoxin A (15). Fur-
thermore, they demonstrated that this extracted
protein is an acidic protein to which 125I-labeled
diphtheria toxin can bind. This protein, due to
the method of extraction, may be only part of a
larger molecule; nevertheless, it has the appro-
priate characteristics of a candidate for the diph-
theria toxin receptor. Alving et al. (3) reported
that diphtheria toxin binds to the phosphate
moiety of certain phospholipids incorporated
into liposomes. This binding was inhibited by
ATP and UTP, which have been shown to bind
to the toxin and prevent its binding to the
physiological receptor on cells (see above).
They suggested that the cellular receptor may be
a membrane phospholipid (such as phosphatidic
acid or phosphatidylinositol phosphate); howev-
er, this phosphate-specific binding may merely
be a reflection of the high affinity of diphtheria
toxin for phosphate-containing compounds (140,
142, 186, 188). In contrast, Boquet and Duflot (7)
reported that both DTNf (which binds polyphos-
phates [142, 188]) and DTNb (which does not
bind polyphosphates [142, 189]) are able to bind
to phospholipid-containing vesicles and con-
cluded that the phosphate-binding site (P site) of
the toxin does not participate in the ability of the
toxin to bind liposomes. Friedman et al. have
reported (69) that monoclonal antibodies which
reacted with phosphate groups of phospholipids,
and of other molecules, protected CHO cells
from the cytotoxic action of diphtheria toxin.
However, it is possible that the protective effect
of these antibodies is not at the level of toxin-
receptor interaction but at a step subsequent to
it. Therefore, it would be of interest to deter-
mine whether these monoclonal antibodies in-
hibit the binding of 125I-labeled toxin to cells.

In our laboratory we have identified and char-
acterized specific diphtheria toxin-binding cell
surface glycoproteins from guinea pig lymph
node cells (187) and from hamster lymph node
and thymus cells (184). These glycoproteins are
isolated from radioiodinated cells lysed in the
nonionic detergent Nonidet P-40, partially puri-
fied by lentil lectin affinity chromatography, and
are detected by an immunoprecipitation system

using toxin and antitoxin (184, 187). These are
high-molecular-weight glycoproteins (-150,000)
that show an anomalous behavior on SDS-poly-
acrylamide gel electrophoresis, which is proba-
bly a reflection of a high carbohydrate content
(184). The specificity of these diphtheria toxin-
binding glycoproteins is identical to that of the
physiological receptor on cells: (i) besides bind-
ing to diphtheria toxin, they bind to the B
fragment and to CRM 197 but not to the A
fragment or to diphtheria toxoid (184, 185, 187);
(ii) the binding of toxin and of its B fragment to
the 125I-labeled cell surface glycoproteins is in-
hibited by nucleotides and polyphosphates (185,
186), their relative effectiveness being the same
as their effectiveness in protecting cells and in
inhibiting the binding of 125I-labeled toxin to
cells (152, 153); (iii) the binding is also inhibited
by polycationic molecules (185), among which
polyornithine (109, 151), ruthenium red (151),
and polylysine (49) have been shown to protect
cells, the latter by interfering with toxin-recep-
tor interactions (49); (iv) DTNf binds to the
solubilized binding glycoproteins and its binding
is inhibited by nucleotides, whereas DTNb does
not bind to these glycoproteins as it does not
bind to the functional cell surface receptor (185).
In addition, these diphtheria toxin-binding cell
surface glycoproteins exhibit a number of other
properties expected for a diphtheria toxin recep-
tor. (i) The binding of toxin to these glycopro-
teins is saturable with respect to both toxin and
the glycoproteins (184, 187), and the interaction
is reversible; that is, the radioiodinated glyco-
proteins can be displaced from a [glycoprotein-
toxin] complex by an excess of partially purified
nonradioactive glycoproteins (L. L. Ross and L.
Eidels, unpublished data). (ii) Removal of the
nonionic detergent from these glycoprotein-en-
riched preparations results in precipitation of the
diphtheria toxin-binding cell surface glycopro-
teins, a result that suggests that these binding
glycoproteins are integral membrane proteins
(Ross and Eidels, unpublished data). (iii) Treat-
ment of 125I-labeled hamster thymocytes with
bromelain releases a glycoprotein of approxi-
mately 75,000 molecular weight that binds toxin,
and this binding is inhibitable by polyphosphates
(J. M. Conrad and L. Eidels, unpublished data),
suggesting that the polyphosphate-sensitive
diphtheria toxin-binding domain of these glyco-
proteins is exposed to the cell surface. Utilizing
the same radioiodination and immunoprecipita-
tion system with mammalian cell lines (Vero and
BHK), several toxin-binding glycoproteins have
been detected, rather than a single 150,000-
molecular-weight toxin-binding glycoprotein as
is the case with lymphoid cells; these glycopro-
teins have apparent molecular weights of
185,000, 154,000, 135,000, 110,000, and 85,000
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(C. P. Robles, D. A. Hart, and L. Eidels, Fed.
Proc. 41:1392, 1982). A number of these diphthe-
ria toxin-binding glycoproteins appear to be
components of fetal calf serum (used to supple-
ment the growth medium of the cells) that are
adsorbed onto the cells and become available for
surface radioiodination; however, if the cells
(Vero and CHO) are biosynthetically labeled
with either [3H]leucine or [35S]methionine, only
two diphtheria toxin-binding glycoproteins are
detected, with apparent molecular weights of
-140,000 and -70,000, and these glycoproteins
appear to be exposed to the cell surface (C. P.
Robles, D. A. Hart, and L. Eidels, Fed. Proc.
42:1809, 1983).

Although the toxin-binding glycoproteins de-
scribed above are likely candidates for the phys-
iological diphtheria toxin receptor(s), this re-
mains to be demonstrated. Definitive proof will
require either the selection of toxin-resistant
mutants that lack a particular toxin-binding gly-
coprotein or the preparation of monoclonal anti-
bodies that are specific for a particular toxin-
binding glycoprotein. These antibodies should at
least be protective; preferably, they should be
both protective and able to block the binding of
125I-labeled toxin to cells. Monoclonal antibod-
ies have been successfully utilized for the study
of such other systems as epidermal growth fac-
tor-receptor interactions (199) and insulin-recep-
tor interactions (193).

Pseudomonas Toxin
Pseudomonas exotoxin A is one of a number

of extracellular products secreted by clinical
isolates of P. aeruginosa and is believed to be an
important virulence factor during infections of
humans and experimental animals (23, 24). Simi-
lar to diphtheria toxin, this toxin is secreted as a
single polypeptide chain (molecular weight,
66,000) containing four disulfide bridges and no
free sulfhydryl groups (136). This intact form of
the toxin is toxic to animals and to animal cells
in culture.
Pseudomonas toxin acts very similarly to

diphtheria toxin: it inhibits protein synthesis in a
variety of cells (150) and in organs of sensitive
species (22, 181). It was first shown by Iglewski
and Kabat (105) that, like diphtheria toxin, Pseu-
domonas toxin inhibits protein synthesis by an
NAD-dependent ADP-ribosylation of EF-2. The
intact Pseudomonas toxin, like intact diphtheria
toxin, is not active in the ADP-ribosylation
reaction in cell-free systems; however, this
ADP-ribosyltransferase activity can be elicited
("toxin activation") by either reduction in the
presence of denaturing agents (136, 227) or pro-
teolytic cleavage (16, 141, 227). This is in con-
trast to diphtheria toxin activation where both
reduction and limited proteolysis are necessary

to release the enzymatically active A fragment
(21, 180). It is quite clear that the reduced and
denatured 66,000-molecular-weight form of
Pseudomonas toxin, unlike diphtheria toxin, is
the ADP-ribosyltransferase and that this activity
is not due to a smaller fragment generated during
the in vitro enzyme assay (136, 141, 227). This
reduced and denatured Pseudomonas toxin,
however, appears to be significantly less toxic to
cells and to animals than the intact toxin (141,
227). The activation by proteolytic cleavage,
which results in a 26,000-molecular-weight enzy-
matically active fragment, can occur during stor-
age of intact toxin (227) and during secretion of
toxin into the medium (16), apparently due to the
presence of Pseudomonas proteases; in addi-
tion, this 26,000-molecular-weight A-like frag-
ment can be generated by treatment of the intact
toxin with chymotrypsin in the presence ofNAD
(141). This enzymatically active A-like fragment
lacks free sulfhydryl groups or disulfide bonds
and is not cytotoxic (16, 141, 227), presumably
due to the need for a B-like binding fragment.
This B-like fragment has not yet been isolated,
though a 45,000-molecular-weight fragment has
been detected in toxin preparations containing
the A-like fragment (227). By analogy with diph-
theria toxin, it has been assumed that this A-like
fragment represents the amino-terminal end of
the Pseudomonas toxin (23, 24); however, auto-
mated amino acid sequence analysis of the re-
duced 66,000-molecular-weight intact toxin has
revealed that three of the eight cysteine residues
of the toxin are located within the first 39 amino-
terminal residues (M. Vasil and G. Gray, per-
sonal communication). This result suggests that
the enzymatically active fragment, which lacks
cystine or cysteine residues (16, 141), is not at
the amino-terminal end of the molecule and
either is an internal peptide or is derived from
the carboxy-terminal end.
There is good evidence that the activated

Pseudomonas toxin and its 26,000-molecular-
weight active fragment ADP-ribosylate the same
site on EF-2 as the A fragment of diphtheria
toxin since: (i) the reaction can be reversed by
either the homologous or the heterologous toxin
in the presence of excess nicotinamide (16, 106);
(ii) when labeled NAD is utilized for the ADP-
ribosylation of EF-2, the same tryptic peptide of
EF-2 gets labeled by both toxins (105); and (iii)
mutant cells resistant to diphtheria toxin due to
an EF-2 that cannot be ADP-ribosylated by
diphtheria toxin, presumably because they lack
diphthamide (225), are also resistant to Pseudo-
monas toxin (41, 156). However, it remains to be
demonstrated directly that it is the diphthamide
residue in EF-2 that gets ADP-ribosylated by
Pseudomonas toxin. In addition, the 26,000-
molecular-weight fragment of Pseudomonas
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toxin and the A fragment of diphtheria toxin
have similar kinetic constants for NAD and its
analogs (16, 141). In spite of these similarities in
EF-2- and NAD-binding sites and the fact that
the two catalyze the same intracellular reaction,
the two toxins differ in the following ways. (i)
They have a different amino acid composition
(16, 136). (ii) They show either no immunologi-
cal cross-reactivity (16, 105) or some rather
restricted cross-reactivity (194). (iii) Intact diph-
theria toxin (DTNf) binds ATP (142) and has
NAD-glycohydrolase activity (139), whereas in-
tact Pseudomonas toxin does not bind ATP
(142) and lacks this enzymatic activity (141).
Pseudomonas toxin is cytotoxic to cells in

culture derived from toxin-sensitive species
(150). Middlebrook and Dorland (150) investigat-
ed 21 cell lines from a variety of species for
sensitivity to Pseudomonas toxin and to diph-
theria toxin. They found a different spectrum of
sensitivities for each toxin; most notably,
mouse- and rat-derived cells were quite sensitive
to Pseudomonas toxin and insensitive to diph-
theria toxin. Since the intracellular mechanism
by which the two toxins act is the same, these
results suggest that the difference in toxicities is
due to a difference in either their receptors or
their entry mechanisms. Similar conclusions
have been derived from the study of a class of
mutants, isolated from cell lines sensitive to
both toxins, which are resistant to diphtheria
toxin, while having normal EF-2 (i.e., ADP-
ribosylatable by both toxins), but which remain
sensitive to Pseudomonas toxin (41, 158). Fur-
thermore, such polyamines as ruthenium red
and polyornithine, which protect cells from
diphtheria toxin (151) apparently by preventing
diphtheria toxin-receptor interaction (49), have
no effect on Pseudomonas toxin-induced cyto-
toxicity (151). On the other hand, mono- and
diamines (ammonium chloride, methylamine,
chloroquine), which protect cells from diphthe-
ria toxin by preventing toxin internalization (43,
122, 137), also protect cells against Pseudomo-
nas'toxin by preventing its entry (64). These
results further suggest that the receptors for the
two toxins are different while their internaliza-
tion mechanism may be similar. That the recep-
tor for these two toxins are indeed distinct has
been demonstrated by Vasil and Iglewski (226).
With chicken embryo fibroblasts that are equally
sensitive to both toxins, they showed that CRM
197 protein (the nontoxic immunologically
cross-reactive form of diphtheria toxin which
binds to the diphtheria toxin receptor [153])
protects these cells against the cytotoxic effect
of diphtheria toxin but does not protect them
from the cytotoxic effect of Pseudomonas toxin.

Except for the fact that it is different from the
diphtheria toxin receptor, there is little informa-

tion on the actual nature of the receptor for
Pseudomonas toxin. Treatment of cells with
neuraminidase has been reported to increase
their sensitivity to Pseudomonas toxin (as well
as to diphtheria toxin) (147). As discussed earlier
for diphtheria toxin, this increased sensitivity
could be an effect on the toxin receptor or on a
component other than the receptor; if the former
is the case, then the result with neuraminidase
suggests that the Pseudomonas toxin receptor
may have a carbohydrate component.

Shigella Toxin
Shigella (Shiga) toxin is a protein, produced

by Shigella dysenteriae 1 and other organisms of
the genus Shigella, that is believed to be an
important virulence factor in shigellosis (119).
Purified toxin preparations show cytotoxic ac-
tivity (HeLa cells in culture) and enterotoxic
activity (fluid accumulation in ligated ileal
loops), as well as neutrotoxic activity (lethality
in mice, rabbits, and monkeys) (119, 177). Eiklid
and Olsnes (52) have recently shown that all
three activities are due to the same purified
protein toxin, since all three activities had iden-
tical chromatographic and electrophoretic prop-
erties, and various physical and chemical treat-
ments of the toxin resulted in the concomitant
modification of all three activities. The structure
of the toxin has only recently been established
(179). The toxin has a molecular weight of
approximately 68,000 and consists of two com-
ponents: the A component with a molecular
weight of 30,000 and the B component whose
exact molecular weight is not known but which
is composed of six to seven B chains of -5,000
molecular weight each (179). Mild treatment of
the toxin with trypsin results in nicked toxin in
which the A chain is converted into two poly-
peptide chains, Al (molecular weight, 27,500)
and A2 (molecular weight, 3,000), linked by
noncovalent interactions and by a disulfide bond
(179). Similar to diphtheria toxin, the isolated A
and B chains of Shigella toxin are not toxic to
intact cells (179).
The first demonstrable effect in the cytotoxic

process (with HeLa cells) is the inhibition of
protein synthesis (8, 190). This inhibition ap-
pears to be at the level of peptide chain elonga-
tion (9, 190). In contrast to the mechanism by
which the A chain of diphtheria toxin and Pseu-
domonas toxin inhibit protein synthesis, no evi-
dence was obtained for the ADP-ribosylation of
EF-2 (9) and no cofactor requirement could be
found for the Shigella A1-catalyzed inhibition of
cell-free protein synthesis (190). The inhibition
of peptide chain elongation has been shown to
be due to the Al-catalyzed inactivation of the
60S ribosomal subunit (190). However, it is not
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yet known which function of the 60S ribosomal
subunit is actually inhibited or the mechanism
(enzymatic?) by which the A1 chain accom-
plishes this inhibition (190). As with other bacte-
rial toxins, it is presumed that the B chains are
involved in binding to cell surface receptors;
however, this has not been experimentally dem-
onstrated. In fact, it has been reported that the
isolated B chains (molecular weight, -5,000) did
not bind to HeLa cells (179). It is possible that
the isolated B chains have undergone a confor-
mational change which reduces their receptor-
binding capacity or that the B chains need to be
associated into a B oligomer (which as such has
not yet been isolated) to form one receptor
binding site (179).

During the Shigella toxin-mediated entero-
toxic process (fluid accumulation in ligated rab-
bit ileal loops) there appears to be no increase in
the intracellular cyclic AMP levels (38). It has
been postulated that the enterotoxic activity (the
watery phase of shigellosis), in analogy with the
cytotoxic activity, could be the result of the
toxin binding, entering, and inhibiting protein
synthesis in intestinal epithelial cells (52, 119).
Furthermore, Keusch and co-workers (37, 119)
have suggested that the dysenteric phase of
shigellosis (which is initiated by invasion of
colonic epithelial cells by shigellae that then
multiply intracellularly) is the result of the intra-
cellular production of toxin by the bacterium,
with the resultant inhibition of protein synthesis
and eventual cellular death.
Only a limited number of cultured cell lines

have been found to be sensitive to Shigella toxin
(51, 121, 178). Keusch and Jacewicz (121) found
that HeLa cells were very sensitive, whereas
WI-38 and Y1 adrenal cells were resistant.
These resistant cells were not able to adsorb
toxin from the medium (i.e., the medium re-
mained fully cytotoxic to HeLa cells), suggest-
ing that these resistant cells lacked cell surface
receptors for the toxin (121). Eiklid and Olsnes
(51) investigated a large number of cell lines for
sensitivity to Shigella toxin; only Vero (monkey
kidney) cells and a few human carcinoma cell
lines of epithelial origin were found to be sensi-
tive to the toxin (51). They found that the HeLa
S3 subline was extremely sensitive to the toxin,
whereas other HeLa cells were resistant (51,
178). These authors found that it took 10 times
more resistant HeLa cells than sensitive HeLa
cells to adsorb equivalent amounts of toxin (51).
Furthermore, they were able to demonstrate
direct binding of '25I-labeled Shigella toxin to a
number of resistant cell lines, though the sensi-
tive cells bound somewhat more toxin than the
resistant cells (106 versus 105 binding sites per
cell) (51). They concluded that this difference in
binding could not account for resistance and that

the difference between sensitive and resistant
cells resides in the ability to internalize surface-
bound toxin (51).
The biochemical nature of the receptor for

Shigella toxin has been investigated by Keusch
and co-workers (118, 119, 121). They have dem-
onstrated the specific binding of toxin to rat liver
membranes and to HeLa cells, utilizing an indi-
rect assay which measures the amount of cyto-
toxin remaining after adsorption (121). The bind-
ing to the rat liver membranes was sensitive to
pretreatment of the membranes with proteolytic
enzymes or with lysozyme, and the binding to
intact HeLa cells was sensitive to lysozyme
pretreatment (118, 120, 121). The binding to
HeLa cells was also inhibited by the chitin-
derived short-chain oligosaccharides containing
1-1,4-linked N-acetyl-D-glucosamines (glcNAc),
chitotriose and chitotetraose being the best in-
hibitors (118, 120, 121). This binding was not
inhibited by a large number of mono-, di-, and
trisaccharides or by gangliosides (121). Further-
more, the binding of toxin to rat liver mem-
branes and to HeLa cells was inhibited by their
pretreatment with the lectin WGA, which
strongly binds gIcNAc oligosaccharides such as
chitotriose, but not by pretreatment with conca-
navalin A or phytohemagglutinin (118, 120, 121).
Based on these results obtained with enzyme
treatments, oligosaccharide inhibition, and re-
ceptor blockade with WGA, Keusch and co-
workers (118-121) postulated that the receptor
for Shigella toxin (cytotoxin) is a glycoprotein
bearing an oligosaccharide with exposed (termi-
nal) P-1,4-linked glcNAc residues as the toxin-
binding component. They have also reported
(117) that some of these receptors might be
masked in both toxin-sensitive and toxin-resis-
tant cells. Treatment of toxin-sensitive HeLa
cells with 3-galactosidase resulted in (i) en-
hancement of sensitivity to toxin, (ii) potentia-
tion of the action of lysozyme on the receptor,
and (iii) augmentation of the receptor blockade
afforded by WGA (117). In addition, when the
toxin-resistant Y1 adrenal cells were treated
with 1-galactosidase they became sensitive to
the toxin (117). These results with ,B-galacto-
sidase lend support to the notion that the toxin-
binding domain is localized on the 1-1,4-linked
glcNAc residues of the oligosaccharide(s) of an
asparagine-linked glycoprotein; these glcNAc
residues may be exposed or "masked" by termi-
nal galactose and possibly by terminal sialic acid
residues. This type of oligosaccharide structure
is present in a large number of glycoproteins
(125), and thus far the specific glycoprotein
receptor for Shigella toxin has not been isolated
and characterized. Since this type of oligosac-
charide structure is widespread, the existence of
toxin-resistant cells may not necessarily be due
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to the absence of this carbohydrate configura-
tion but may relate to a defect in the internaliza-
tion process, a conclusion supported by the
work of Eiklid and Olsnes discussed above (51).

BIOCHEMICAL BASIS OF TOXIN-
RECEPTOR INTERACTIONS

From the preceding section on the structure of
bacterial toxins and the nature of their recep-
tors, it is apparent that the receptors which have
been extensively studied are carbohydrate-con-
taining macromolecules, either glycolipids or
glycoproteins. In the majority of the toxins
described it is quite clear that the carbohydrate
component itself is intimately involved in toxin
binding (Shigella toxin, cholera toxin, E. coli
LT, tetanus toxin, and botulinum toxin), where-
as in a few cases the role of carbohydrate is less
well defined (diphtheria toxin, Pseudomonas
toxin, pertussis toxin, and E. coli ST). In this
section we discuss an example of the former
case, cholera toxin, and an example of the latter
case, diphtheria toxin, and present the experi-
mental evidence on the nature of the biochemi-
cal groups in the receptor-binding domain(s) of
these toxins that interact with the toxin-binding
domain(s) of their receptors. Information on the
nature of the receptor-binding domains of the
other bacterial toxins is at this point minimal or
nonexistent.

Carbohydrate-Mediated Binding
Cholera toxin. It has been demonstrated that

the monosialoganglioside GMI is the ganglioside
that most strongly interacts with cholera toxin
(28, 60, 93, 100), and it is the oligosaccharide
portion of this ganglioside that is responsible for
the binding of cholera toxin (61, 62, 93, 102).
Both the terminal galactose residue and the
sialic acid residue (linked to the internal galac-
tose) are essential for binding. This conclusion is
based on the comparison of GM, with other
gangliosides with respect to their toxin binding
capacity. Even minor changes in the carbohy-
drate structure of GM, have a dramatic effect on
toxin binding. GM2, which lacks the terminal
galactose of GM,, and GA1, which lacks the sialic
acid bound to the internal galactose of GM1
(Table 1), have -1,000-fold-lower binding ca-
pacity than GM1 (60, 93, 100). Addition of a sialic
acid residue at the nonreducing terminal galac-
tose of GM1, as in GD1a, also results in -1,000-
fold-less reactivity (60, 93, 100). Therefore, the
structural requirements for efficient interaction
of cholera toxin with the carbohydrate moieties
of gangliosides are fairly stringent. This is in
contrast to the finding (discussed in a previous
section) that E. coli LT binds strongly to galac-
tose-containing supports (19, 128).

Cholera toxin has been treated with a number
of group-specific chemical modification reagents
to investigate the nature of the residues involved
in its toxicity. Lonnroth and Holmgren reported
(98, 138) that modification of amino groups (with
picrylsulfonic acid) results in loss of both bind-
ing capacity towards GM, and toxicity, and they
suggested that lysine residues may be involved
in binding to the acidic GM1. They also reported
that modification of arginine groups with 1,2-
cyclohexanedione (0.1 to 10 mM) results in loss
of biological activity without loss of binding to
GM1 and suggested that arginine residues are not
involved in receptor binding (98, 138). In con-
trast, Duffy and Lai (46), also utilizing 1,2-
cyclohexanedione, demonstrated that modifica-
tion of two of the three arginine residues (arg 73
and arg 35) of the B chain of cholera toxin results
in loss of binding to GM1. However, 150 mM 1,2-
cyclohexanedione was required for this modifi-
cation; modification of only one arginine (arg 73)
had no effect on binding (46). Thus, these results
suggest that arg 35 of the B chain is near or at the
binding site for GM,, and possibly this arginine
and the neighboring lysine (lys 34) interact with
the negatively charged sialic acid residue of
GM1. De Wolf et al. (34) have shown that modifi-
cation of the single tryptophan residue of the B
chains, by treatment of the intact cholera toxin
or its B protomer with 2-nitrophenylsulfenyl
chloride or 2,4-dinitrophenylsulfenyl chloride,
results in complete loss of binding activity to-
wards GMI ganglioside and its oligosaccharide.
Furthermore, De Wolf et al. (35) have reported
that when the B protomer interacts with GM,
this tryptophan residue is very near the oligosac-
charide moiety of GM1 and is located in a posi-
tively charged microenvironment (near arg 35
and lys 91). Thus, arginine, lysine, and trypto-
phan residues are part of the receptor-binding
domain of cholera toxin.

Non-Carbohydrate-Mediated or Undefined
Binding

Diphtheria toxin. The experimental evidence
for the involvement of carbohydrates in the
binding of diphtheria toxin to its cell surface
receptor is not conclusive. Most of the studies
implicating carbohydrates involve treatment of
cells with enzymes (147, 197), lectins (42, 154),
or oligosaccharides (42), and when an effect on
cytotoxicity has been observed, it has been
concluded that this is an effect on the toxin
receptor. Unfortunately, in most cases these
observations have not been followed by direct
toxin binding measurements. These studies are
as follows. (i) Treatment of cells with neuramini-
dase resulted in a small increase in sensitivity to
the cytotoxic action of the toxin (147, 197). This
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increased sensitivity could be due to the expo-
sure of carbohydrate binding components nor-
mally covered by sialic acid (147); however, it
could be an effect on a component (other than
the receptor) involved in entry, or it could
merely be a reflection of the removal of nega-
tively charged groups that contribute to the
nonspecific (i.e., nonproductive) binding of tox-
in to cells, resulting in a greater effective toxin
concentration. (ii) Treatment of cells with con-
canavalin A or WGA also blocked cytotoxicity
(42), and in this case it has been demonstrated
that these lectins do not interfere with the initial
toxin-receptor interaction since they have no
effect on the binding of 125I-labeled toxin to cells
(154). (iii) An ovalbumin glycopeptide and a
polysaccharide from Salmonella cholerae-suis
have been reported to have a small protective
effect, whereas monosaccharides had no effect
(42).

Diphtheria toxin-binding cell surface glyco-
proteins have been identified and characterized
in our laboratory (184, 187), and we have sug-
gested that these glycoproteins (-150,000 mo-
lecular weight) might be the receptors for the
toxin. To test whether the carbohydrate moi-
eties of cell surface glycoproteins are involved in
diphtheria toxin binding, we have recently test-
ed mutant CHO cell lines, possessing alterations
in the polysaccharide structure of their aspara-
gine-linked glycoproteins, for their susceptibility
to diphtheria toxin (D. L. Durham, D. A. Hart,
and L., Eidels, manuscript in preparation).
WGr, a mutant resistant to a number of lectins
due to the loss of a specific N-acetylglucosa-
minyl transferase activity (209) which results in
the lack of synthesis of complex-type oligosac-
charides, was as sensitive to diphtheria toxin as
the wild-type and parental cells. This result
suggests that such carbohydrate residues as sial-
ic acid, galactose, glcNAc, and fucose, which
are unique to the complex-type oligosaccha-
rides, are not involved in toxin binding or in
internalization of the toxin. Two other mutants
that are defective in the synthesis of high-man-
nose oligosaccharides (B4-2-1 which is unable to
synthesize mannosylphosphoryldolichol [211]
and B211 which is unable to transfer glucose
from glucosylphosphoryldolichol to the lipid-
bound growing oligosaccharide chain [126]) but
that do synthesize complex-type oligosaccha-
rides (127, 211) were also found to be as sensi-
tive to toxin as the corresponding parental and
wild-type cells. This latter result suggests that
the high-mannose oligosaccharides are also not
involved in diphtheria intoxication. Taken to-
gether, the results with these mutants suggest
that if the diphtheria toxin receptor is a glyco-
protein with asparagine-linked oligosaccharides,
then the toxin either binds to carbohydrate com-

ponents that are common (internal residues) to
the complex and to the high-mannose-type gly-
coproteins, or it binds to the peptide backbone
of the receptor. Since there is indirect evidence
that the toxin-binding domain on the receptor
may be an anionic region (185, 186) (see below)
and since the internal carbohydrate residues of
glycoproteins are neutral sugars (125), this an-
ionic toxin-binding region is probably located on
the peptide backbone.
A number of chemical modification reagents

have been used to investigate the role of particu-
lar amino acid residues of diphtheria toxin in the
cytotoxic process. Modification of histidines,
lysines, and tyrosines resulted in loss of toxicity
and loss of enzymatic activity; however, the
effect on the B fragment or on binding of toxin
was not tested (54). S-sulfonated B fragment was
tested and no longer inhibited the action of intact
toxin on cells, presumably due to the introduc-
tion of the negatively charged sulfonyl groups
(54). In contrast, modification of tyrosine groups
with tetranitromethane resulted in complete loss
of toxicity and enzymatic activity but no loss in
the capacity to bind to toxin receptors (231),
suggesting that tyrosine groups are not involved
in receptor binding. Treatment of nucleotide-
free diphtheria toxin with diketene, which modi-
fies lysine residues, or with 1,2-cyclohexane-
dione, which modifies arginine residues,
resulted in inhibition of binding to ATP-Sepha-
rose (unpublished data), suggesting that these
basic amino acid residues are involved in bind-
ing to polyphosphates and possibly to an anionic
region of the receptor (185, 186, 188).
Lory and Collier (142) discovered that diph-

theria toxin interacts with nucleotides and that
the binding of ATP to the nucleotide-binding site
on the toxin is strongly dependent on the phos-
phate content of the nucleotide, although the
nucleoside moiety participates to some extent in
the interaction. This nucleotide-binding site is
composed of two subsites: a nucleoside-binding
subsite located on the A fragment and a poly-
phosphate-binding subsite, P site, located on the
B fragment (12, 140, 188). We have demonstrat-
ed (188) that the P site is located within the
cationic carboxy-terminal region (8,000-molecu-
lar-weight peptide) of the B fragment; this con-
clusion was derived from affinity labeling experi-
ments with ADP-ribose and [3H]NaBH4, in
which the affinity label was localized on a lysine
close to a cluster of arginine residues at the
amino-terminal end of this peptide (55, 188). In
addition, the peptide also contains a number of
lysine residues at its carboxy-terminal end (55)
which may further contribute to the binding of
polyphosphates.
Lory and Collier (142) and our laboratory

(185, 186, 188) suggested that the cationic P site
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may correspond to, or be part of, the receptor-
binding site on the toxin. This suggestion was
based on two main facts. First, that binding of
polyphosphates to the P site results in (i) protec-
tion of cells from diphtheria toxin action (152,
153) and (ii) inhibition of 125I-labeled toxin bind-
ing to cells (152, 153) and inhibition of toxin
binding to a solubilized diphtheria toxin-binding
glycoprotein (185, 186). Second, CRM 45, which
lacks the 17,000-molecular-weight carboxy-ter-
minal receptor binding region of the toxin, does
not bind polyphosphates (142). However, the
fact that CRM 197 (which protects cells [54, 108]
and inhibits binding of '25I-labeled toxin to cells
[153] by binding to the toxin receptor) does not
bind ATP (140) has prompted Collier and co-
workers to suggest that the P site does not
correspond to the receptor-binding site and that
the binding of polyphosphates at the P site alters
the receptor-binding site of the toxin in an
allosteric fashion (140).
We have recently reported (50) that when the

solubilized 150,000-molecular-weight diphtheria
toxin-binding cell surface glycoprotein, whose
binding to toxin is inhibited by inositol hexa-
phosphate (a P-site ligand), is treated with papa-
in, 88,000- and 74,000-molecular-weight diphthe-
ria toxin-binding glycoproteins are generated,
glycoproteins whose binding to toxin is no long-
er inhibited by inositol hexaphosphate. This
result suggests that the toxin receptor has one
binding site (P' site) which interacts with the P
site of the toxin in a polyphosphate-sensitive
manner, and a second binding site (X' site)
which can interact with the toxin at a site
distinct from the P site (the X site) in a polyphos-
phate-insensitive manner. The X site is probably
located within the 17,000-molecular-weight car-
boxy-terminal region of the B fragment (50).
According to this model, with intact toxin the P-
P' interaction prevails (since polyphosphates
almost completely inhibit toxin-receptor interac-
tions), whereas with CRM 197 it is possible that
the P site is not accessible and the X-X' interac-
tion prevails (50). This would be consistent with
CRM 197 not binding ATP and yet binding to the
toxin receptor, at the X' site, and sterically
preventing toxin binding to the same receptor.
Alternatively, this X-X' interaction may not be
involved in the initial (polyphosphate-sensitive)
toxin-receptor interaction but may be part of a
subsequent step in the translocation process of
the toxin (50). A similar conclusion regarding a
second function for the toxin receptor, or a
second site, was derived by Didsbury et al. (36),
based on a distinct class of diphtheria toxin-
resistant CHO mutants (Dip'). These mutants
have normal toxin binding (as tested with 125Ik
labeled toxin) but are 10,000-fold more resistant
to toxin and are not protected by CRM 197.

These authors suggested that this class of mu-
tants has a block at a step in the intoxication
process that is between binding of toxin and the
pH-dependent entry into the cytosol from an
intracellular vesicle (36). Interestingly, they also
reported that the naturally toxin-resistant mouse
L cells have the same phenotype as the Dipr
mutants, suggesting that their resistance may
also be due to the lack of such a second compo-
nent (X' site?).

CONCLUDING REMARKS
There are a number of similarities, as well as

differences, in the structures and mechanisms of
action of the A-B structured polypeptide toxins
reviewed herein (Table 2). Of the four toxins
synthesized as a single polypeptide chain, diph-
theria toxin and Pseudomonas toxin inhibit pro-
tein synthesis by inactivation of EF-2, whereas
the mechanism by which tetanus toxin and botu-
linum toxin act has not yet been defined. Of the
four toxins synthesized as separate A and B
components, Shigella toxin inhibits protein syn-
thesis by inactivation of the 60S ribosomal sub-
unit, whereas cholera toxin, E. coli LT, and
pertussis toxin activate adenylate cyclase. In all
cases in which the enzymatic mechanism is
known, the toxins act by ADP-ribosylation of a
macromolecular target: diphtheria toxin and
Pseudomonas toxin ADP-ribosylate EF-2,
whereas cholera toxin and E. coli LT ADP-
ribosylate a GTP-binding regulatory (stimula-
tory, Gj) subunit of adenylate cyclase and
pertussis toxin ADP-ribosylates another GTP-
binding regulatory (inhibitory, Gj) subunit of the
same cyclase. Diphtheria toxin ADP-ribosylates
diphthamide, a posttranslationally modified his-
tidine residue; it is presumed, but remains to be
directly demonstrated, that Pseudomonas toxin
modifies the same residue. The amino acid resi-
due(s) ADP-ribosylated by cholera toxin and E.
coli LT has not been determined, though it has
been assumed to be a basic residue since both
toxins can ADP-ribosylate free arginine and
iodinated N-guanyltyramine (148, 168, 169). The
chemical relationship, if any, between diphth-
amide and the ADP-ribosyl acceptor residue(s)
on the regulatory components of the cyclase
(and the amino acid sequence surrounding these
acceptor sites) should be investigated.

Cholera toxin and E. coli LT are similar in size
and subunit composition, are immunologically
cross-reactive, and exhibit a large degree of
sequence homology. It will be of interest to
determine the amino acid sequence homology of
the NAD-binding sites and the cyclase regula-
tory subunit-binding sites on the A1 chains of
these two toxins. Furthermore, though both
cholera toxin and E. coli LT bind to GM,, from
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TABLE 2. Properties of bacterial toxins and their reported binding components'
Mol wt Reported toxin-binding

Toxin T oxn ABIntracellular targetcopntToxin A B component

Cholera 84,000 29,000 55,000 GTP-binding subunit of GM1
A1 23,000 (11,600)5 adenylate cyclase
A2 6,000

E. coli LT 91,000 25,500- 59,000 GTP-binding subunit of GM1, galactoproteins
29,000 (11,800)5 adenylate cyclase

Al 21,000
A2 b

E. coli ST -2,000 Guanylate cyclase 100,000-mol-wt
protein

Pertussis 117,000 S, 28,000 S2 23,000 GTP-binding subunit of Sialic acid-containing
S3 22,000 adenylate cyclase molecule (?)'
S4 11,700
S5 9,300

Tetanus 160,000 55,000 105,000 GDlb, GTIb
Botulinum 150,000 50,000 100,000 GTIb
Diphtheria 62,000 22,000 40,000 EF-2 (diphthamide) 150,000-mol-wt

glycoprotein
Pseudomonas 66,000 26,000 45,000d EF-2
Shigella 68,000 30,000 60S ribosomal subunit Glycoprotein with

A1 27,500 (5,000)6-7 terminal P-1,4-
A2 3,000 linked glcNAc

residues

aDetails and references are given in the text.
b_, No available information.
'? Suggested but not directly demonstrated.
d Detected on SDS-polyacrylamide gel electrophoresis but not yet isolated.

the experiments discussed in the appropriate
sections above it appears that there are distinct
differences in their binding specificities. Most
notable is the much higher binding affinity of E.
coli LT than that of cholera toxin for galactose-
containing supports. This observation suggests
that the receptors for these two toxins may be
different and is consistent with the proposal that
a galactoprotein may be the E. coli LT receptor
(96). It will thus be of interest to determine the
structure of the receptor-binding domain(s) on
the B chains for these two toxins. In contrast,
despite the fact that diphtheria toxin and Pseu-
domonas toxin catalyze the identical reaction,
they show almost no immunological cross-reac-
tivity, they have quite different amino acid com-
positions, and their receptors are distinct. Nev-
ertheless, it would be expected that their
respective NAD- and EF-2-binding sites would
share some similarities. Possibly, the NAD-
binding sites and the enzymatic sites on the A
chains of all five of these ADP-ribosylating
toxins might share some common sequences.
There are a number of interesting similarities

and differences between these bacterial toxins
and polypeptide hormones, e.g., luteinizing hor-
mone, chorionic gonadotropin, and thyroid-
stimulating hormone. These polypeptide hor-
mones also have an A-B structure (a and ,B
subunits). Their a subunits mediate the biologi-

cal activity by increasing cellular cyclic AMP
levels. Unlike the A chains of those toxins
(described above) which have a similar enzymat-
ic activity but a different amino acid sequence,
the a chains of the polypeptide hormones have
an identical amino acid sequence (5). The I1
subunits of these hormones, like the B chains of
the toxins, recognize specific cell surface recep-
tors on their respective target cells (214). Inter-
estingly, the receptor for thyroid-stimulating
hormone has been reported to be the oligosac-
charide moiety of the ganglioside GDlb (171) or
that of a high-molecular-weight membrane gly-
coprotein (216), or a complex of both the gangli-
oside and the glycoprotein (124). The receptor
for human chorionic gonadotropin-luteinizing
hormone has been reported to be the ganglioside
GT1 (124) or a -190,000-molecular-weight glyco-
protein (45). From these latter reports, in which
both specific ganglioside and glycoprotein bind-
ing components have been characterized, it is
not clear which component represents the phys-
iological hormone receptor. It is possible that
only one of these carbohydrate-containing mole-
cules is the physiological receptor and that the
binding observed with the other is due to similar
u, osaccharide structures being present on both
)-ecules. Indeed, it has been shown that there

are structural similarities in the carbohydrate
sequences of glycoproteins and glycolipids (59,
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189, 218). These structural similarities may also
explain the fact that both glycoproteins and
glycolipids have been proposed as candidates
for toxin receptors.
As discussed in the section on tetanus toxin,

there appears to be a similarity between the
thyroid-stimulating hormone receptor and the
tetanus toxin receptor. It is likely that the other
bacterial toxins also utilize receptors intended
for other macromolecules (e.g., hormones and
growth factors).

Bacterial toxins enter cells by receptor-medi-
ated processes. Diphtheria toxin (116) and Psel-
domonas toxin (64, 65) have been reported to be
internalized by receptor-mediated endocytosis
through coated pits, specialized areas of the
plasma membrane that invaginate to form intra-
cellular coated vesicles (77); it has been suggest-
ed that Shigella toxin is also internalized via this
pathway (118). A variety of ligands (proteins and
peptides) are internalized by receptor-mediated
endocytosis (77), and the receptors that have so
far been characterized for these ligands have
been shown to be high-molecular-weight cell
surface glycoproteins. These ligands are low-
density lipoprotein (198), transferrin (229), insu-
lin (110), epidermal growth factor (90), asialogly-
coproteins (175), lysosomal enzymes (195), and
chorionic gonadotropin (45). Interestingly, gly-
coproteins have been implicated as receptors for
diphtheria toxin (184-187) and for Shigella toxin
(121). In contrast, it has been reported that with
cholera toxin and tetanus toxin, whose receptors
are believed to be membrane glycolipids, the
initial binding and subsequent internalization
occurs via noncoated surface microinvagina-
tions (111, 159). It thus appears that the pathway
of endocytosis of a ligand may depend on the
chemical nature of its receptor.

Teleologically, a particular toxin will usurp a
receptor for a ligand that normally is internalized
to the cellular compartment containing the target
of the toxin. That is, it is possible that toxins that
act in the cytosol will utilize a glycoprotein
receptor, whereas those toxins that act at the
cytosolic face of the plasma membrane will
utilize a glycolipid receptor. This hypothesis will
be proved, or disproved, when it is demonstrat-
ed which of the presently known (or others yet
to be described) toxin-binding glycoproteins and
glycolipids corresponds to the actual physiologi-
cal receptors.
One or more of several approaches will be

necessary to demonstrate which binding candi-
date is the physiological receptor. Toxin-resis-
tant mutants lacking the particular binding com-
ponent should be isolated, and appropriate
antibodies to the receptor should be prepared;
antibodies to the toxin-binding site should pre-
vent toxin binding and be protective, whereas

those against other sites may or may not be
protective. The purified receptor should be used
to reconstitute responsiveness in receptor-defi-
cient mutants, as has been done with the cholera
toxin response by GM, addition to GM,-deficient
cells (162). Ultimately, one would like to recon-
stitute completely an in vitro receptor system (in
a monolayer or bilayer) in which the biological
effect can be reproduced, i.e., binding of toxin,
translocation, and activation of adenylate cy-
clase or inhibtion of protein synthesis, or, more
modestly, ADP-ribosylation of the appropriate
macromolecular target.
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